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An important aspect of the rapidly growing field of quantum atom optics is exploring the behavior of
ultracold atoms at a deeper level than the mean field approximation, where the quantum properties of
individual atoms becomes important. Major recent advances have been achieved with the creation and
detection of reliable single-atom sources, which is a crucial tool for testing fundamental quantum
processes. Here, we create a source comprised of a single ultracold metastable helium atom, which enables
novel free-space quantum atom optics experiments to be performed with single massive particles with large
de Broglie wavelengths.
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The rapid development of ultracold-atom physics since
the invention of the optical laser has facilitated many
experiments that probe fundamental quantum phenomena.
Several of the most striking results require the ability to
measure individual atoms, where quantum-statistical
properties such as the Hanbury Brown–Twiss effect [1,2],
Hong-Ou-Mandel interferometry [3], as well as many-
particle interference [4] can be observed. Another key aspect
to testing quantum mechanics is the creation of controllable
single-particle sources. From G. I. Taylor’s landmark dem-
onstration that Young’s double-slit experiment still displays a
diffraction pattern if there is on average less than one photon
present [5] (which was verified a long time later with a truly
single-photon source [6]), to tests of Bell’s inequalities [7,8],
experiments measuring individual photons have played a
pivotal role in testing the predictions of quantum mechanics.
The first trapped single-atom sources were typically
loaded directly from a magneto-optical trap, by methods
such as using an optical dipole trap with an extremely small
focused spot size to catch single 87Rb atoms [9] or loading
Cs atoms into a standing wave dipole trap with the ability to
adiabatically transport atoms [10]. Other experiments have
loaded single atoms into an array of separate sites [11–13]
where atoms can be imaged in situ [13], and experiments
have shown novel phenomena such as the superfluid to
Mott insulator transition [14] at the single-atom level [15].
Single atoms have also been confined near surfaces to form
hybrid quantum devices [16]. A further improvement to
these single-atom sources is the use of precisely controlled
light-assisted collisions, which can increase the loading
efficiency of single atoms from the typical rate limited by
pairwise loss of 50% to 91% [17] for 85Rb. Recently, there
has been an effort to reduce the energy spread of these
sources, using Raman sideband cooling to cool single 87Rb
atoms close to the three-dimensional ground state of an
optical tweezer [18,19], so as to make quantum atom optic
experiments possible.
In this Letter, we present a method by which an ultracold
single-atom bosonic source can be created by significantly
increasing the two-body losses within in a Bose-Einstein
condensate (BEC). The resulting single metastable helium
(He) atom source has a three-dimensional ground-state
occupation of ∼50% and a temperature of ∼890 pK as
measured by its averaged time-of-flight (TOF) profile.
While our system is comprised of He, our method should
be readily adaptable to other optical BEC experiments, in
which a large two-body loss rate can be instigated.
Furthermore, because of the lack of nuclear spin of He,
our source that is in the state jJ;mJi ¼ j1; 0i is essentially
nonmagnetic, making it an interesting candidate for hybrid
quantum systems [16]. Finally, the source demonstrated
here is ideally suited to realizations of fundamental tests of
quantum mechanics with freely propagating massive par-
ticles, where large de Broglie wavelengths as well as single-
atom detection with high temporal resolution [20] are
required. Such tests include investigations of Wheeler’s
delayed-choice experiment, which was recently demon-
strated with photons [21], or an atomic version of entan-
glement, as was originally envisioned in the famous paper
of Einstein, Podolsky, and Rosen (EPR) [22].
To create our source of single He atoms, we first precool
the atoms in a magnetic trap, which can only retain atoms in
the j1; 1i state and, thus, automatically spin polarizes the gas,
resulting in the suppression of Penning ionization [20].
However, by loading the cloud into an optical dipole trap,
atoms of any spin state can be held. After spin flipping atoms
held in the dipole trap with the application of rf radiation
from the j1; 1i state to the j1; 0i state, the number of trapped
atoms rapidly decays due to the extremely short lifetime of
the unpolarized metastable helium atoms. This unpolarized
lifetime is orders of magnitude shorter than all other lifetimes
in the system, including the single-body lifetime limited by
background collisions and the radiative lifetime of the
metastable helium excited state (7870 s [23]). After holding
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the cloud in this trap for a time long compared to the time
scale over which two-body losses deplete the trap popula-
tion, a single atom is expected in 50% of experimental
cycles, and zero atoms otherwise, depending on whether an
odd or even number of atoms was in the trap initially.
The change in population N of a cloud of He atoms
loaded at a rate L can be characterized by
dNðtÞ
dt
¼ L − αNðtÞ − β
Z
ρ2ðr; tÞd3r: ð1Þ
The single-body loss rate α depends on collisions with
background particles, while the two-body loss rate β is
dominated by Penning ionization. The density of ultracold
trapped clouds is typically insufficient for collisions
involving three or more particles to contribute to this loss
rate. The population of the cloud as a function of time can
be determined by removing the loading source and inte-
grating over the cloud characterized by an effective volume
V, such that [24]
NðtÞ ¼ 2
3=2αNð0ÞV
½23=2αV þ βNð0Þ exp ðαtÞ − βNð0Þ : ð2Þ
Recent experimental measurements have found that
βðmJ¼1;m0J¼1Þ¼ð2.92.0Þ×10−14 cm3s−1 for pairs of
atoms with spins mJ and m0J [25]. In contrast, the
unpolarized loss rates have been measured to be βð0; 0Þ ¼
ð6.6 0.4Þ × 10−10 cm3 s−1 for pairs of atoms in the
jJ ¼ 1; mJ ¼ 0i state, and βð−1; 1Þ ¼ ð7.4 1.0Þ ×
10−10 cm3 s−1 for collisions between j1; mJ ¼ −1i and
j1; m0J ¼ 1i atoms [26]. The reduction in the Penning
ionization loss rate of 4 orders of magnitude for spin
polarized as compared to unpolarized metastable helium
atoms has enabled a BEC to be reached [27–30].
The experimental setup is largely based on that in
Ref. [31] and is depicted in Fig. 1. Before loading atoms
into the optical trap, ultracold 4He in the j1; 1i state is
magnetically trapped and evaporatively cooled [30] to just
below the BEC transition temperature (∼1 μK). Around 104
atoms are then transferred into a vertical optical dipole trap
by ramping up over 200 ms the intensity of a far-red detuned
(1550 nm) focused laser beam in the direction of gravity. The
magnetic trap is switched off, and the only magnetic field
present is generated by our magnetic field stabilization
“nullerometer” [32], which provides a bias magnetic field
∼1 G. Then, the vertical dipole trap is ramped down over
100 ms, resulting in a trap with harmonic frequencies of
ðωx;ωy;ωzÞ ≈ 2π × ð1800; 1800; 12Þ Hz. The trap depth
(equivalent to a temperature of a few nanokelvin) is then
held at this point for 2 s, which allows the majority of the
thermal atoms to exit the trap.
A ∼35 μs radio-frequency pulse is then used to transfer a
portion of the j1; 1i atoms to the j1; 0i state. To remove any
remaining population in the j1;1i state, a large magnetic
field gradient is applied. After holding the atoms in the trap
to allow two-body losses to deplete the cloud, we release the
atoms to fall under gravity to the MCP and DLD located
∼850 mm below by switching off the optical trapping beam.
A measurement of the trap lifetime is shown in Fig. 2,
where the atoms were held in the trap for different durations
between the spin flipping and trap switch off. The bimodal
nature of the trap loss is evident from the two distinctly
FIG. 1 (color online). Atoms held in the dipole trap after
transfer from the magnetic trap can be released from the trap to
fall under gravity to the microchannel plate (MCP) and delay-line
detector (DLD) situated below.
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FIG. 2 (color online). Logarithm of the trap population,
adjusted by a quantum efficiency (QE) of detection of ∼20%,
of mF ¼ 0 atoms as a function of time held in the trap. For times
of less than 0.5 s [inset (b)], the two-body loss rate is dominant,
while for later times (a) the single-body loss rate becomes
dominant and fits to a 1=e lifetime of 24.9 s. The error bars
indicate statistical uncertainty, and the dashed line shows the
threshold below which no more than a single atom is present in
the trap on average.
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different loss rates occurring before and after hold times of
∼0.5 s; initially, there is rapid loss due to binary collisions,
which subsides at later times as the population of the
trapped cloud is reduced such that one-body losses
dominate.
The one- and two-body loss rates (α and β) for the cloud
can be derived from the bimodal fit to the trap population as
a function of time [Eq. (2)] illustrated in Fig. 2. In this case,
the two-body loss rate β is set to zero once the average count
rate drops below one atom per iteration (adjusted for
detection efficiency) after a hold time of 0.5 s. The biggest
uncertainty in determining β is from accurately character-
izing the trap volume V, which is assumed to take on an ideal
Bose gas density profile and has an error of 20%. We find
from our fit that α ¼ 0.040 0.008, which corresponds to a
one-body lifetime of 1=α ¼ 24.9 s, and a value for the two-
body loss rate of βð0; 0Þ ¼ 4.9 1.3 × 10−10 cm3=s, which
is in reasonable agreement with the result obtained from
previous measurements [26] taking into account the absence
of Hanbury Brown–Twiss “bunching” in a BEC and the
assumptions used.
To determine whether a true single-atom source is being
produced, we repeat the experiment for over 8000 exper-
imental cycles. Adjusting for a quantum efficiency for our
detector of ∼20%, which we have measured independently
using a relative number squeezing process (similar to that in
Ref. [33]), we effectively observe on average a single count
on our detector for every two runs of the experiment. With
knowledge of the time and spatial position with which the
atom(s) should land on the detector, we integrate the counts
over a small ðΔt;Δx;ΔyÞ ¼ ð2 ms; 20 mm; 20 mmÞ vol-
ume to reduce the effect of dark counts. Within this volume,
over the 8000 experimental cycles we expect 2% of the
observed counts to be due to dark counts.
To characterize the fidelity of our single-atom source, we
calculate the normalized second-order correlation function:
the probability of detecting two atoms as a function of
experimental iterations, normalized by the average atom
intensity squared. A measurement of this is shown in Fig. 3
and tests if any pair of particles measured is more likely to
occur by one particle being in each of two separate
experimental iterations, rather than both the particles
occurring in the same iteration. We measure gð2Þð0Þ ¼ 0
for our single-atom source, which demonstrates that we
have a strongly sub-Poissonian source.
To determine the temperature of our source, we fit
Gaussians to the TOF distributions accumulated over many
runs of the experiment (see Fig. 4). In the transverse
direction (x) the width of the Gaussian distribution we
measure is consistent with that expected for a ground-state
distribution. In the longitudinal (z) direction, the observed
TOF profile fits to a temperature of 890 pK, where to
calculate the temperature we have used the fitted width of
the Gaussian distribution and subtracted off the zero-point
energy. To determine the ground-state occupation in this
direction, we perform an optimized fit using the first five
states of the harmonic oscillator while constraining the fit
parameter to a trapping frequency of 12 Hz, which was
measured independently. From this fit, we determine that
there is 50% occupancy in the longitudinal ground state.
In summary, we present a single He atom source in the
picokelvin energy regime that should be readily adaptable
to other optical BEC experiments. At present, the source
has some limitations, i.e., long duty cycle (∼30 s), 20%
detector efficiency, compared to previously reported single-
atom sources. However, both of these are not fundamental
constraints, since the duty cycle can be made much shorter
by improving the evaporation efficiency and the QE for He
detection can, in principle, approach unity in some appli-
cations [34]. Despite these limitations, our source is ideally
suited to realizations of fundamental tests of quantum
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FIG. 3 (color online). Second-order correlation function gð2Þ
measured for the single-atom source as a function of increment
between experimental iterations.
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FIG. 4 (color online). Integrated momentum distributions
measured after time of flight, with associated Gaussian fits.
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mechanics with freely expanding massive particles. For
example, it should be possible to extend our method to
produce a double-well optical trap, thus, creating a pair of
single atoms. If the double well is created along the optical
beam axis, then one atom can be guided [35] into the other
and an entangled pair created via a collision [36]. The
collision probability is proportional to the square of the
density of the colliding particles, which for the case of
single-atom sources is small. However, one might be able
to use a low field Feshbach resonance for He atoms [37] to
increase the scattering length by a factor of ∼50 and,
consequently, the collision probability to unity. Such an
experiment would generate a freely propagating entangled
state of massive particles, in which their external degrees of
freedom are entangled, as was originally proposed in the
EPR paper [22].
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